Sixteen lakes are described, varying in geology and all but Iwo of low productivity, and including three acid bog types.
of the sum of Na and K. In lakes generally, low pH is related to low conductivity, but in these coastal lakes the Na in ocean spray keeps up the conductivity even in very acid waters. At cquilibrium the inorganic P in solution is 2-3 ppb and reprcscnts a residual soluble fraction, independent of productivity and pII. Total P is 10-15 ppb and the concentration is not related to productivity.
There is an annual cycle of inorganic I' with a winter maximum, spring decline, and summer minimum.
Methyl orange alkalinity varies dircclly with the sum of Ca and Mg and with either of the ions separately.
The scatter in the regression of alkalinity versus Mg is greater than that of alkalinity versus Ca. Them is a reduction of per cent organic material in the sediments directly rclatcd to increasing alkalinity. The cause is attributed to greater bacterial activity as Lhe pI1 goes up.
These papers are in continuation of studies related to the productivity of some east coast Canadian lakes. The lakes sclectcd exhibit considerable variety of type and geology, as shown by their map locations (Fig. 1) . I' 'ram the work of M. W. Smith the capacity of many of the lakes to support fish is known, providing a standard by which to judge other estimates.
The following notes on the lakes will supplcmcnt Figure 1 and Table 1. Lakes 1, 2, and 3 arc located near IIalifax in forbidding granite country.
No. 1 is a clearwater primitive, No. 2 an extreme acid bog type, and No. 3 moderately acid bog.
Lakes 4, 5, and 6 are near Yarmouth in a quartzite-slate formation, No. 4 being an acid bog type. Their quality indices, based on fish, are respectively 0.20, 0.53, and 0.98, where 1 .O would bc average (Hayes 1957) .
Lakes 7 to 11 are scattered over Nova Scotia. Nos. 7 and 8 arc not far apart in a sandstone-shale conglomerate.
The drainage area of No. 8 supports marginal farming, and the lake has a quality index of 0.36. Grand Lake, No. 9, is the largest and deepest of the group and known for its landlocked salmon. It drains quartzite-slate from the south, and a conglomerate of shale, sandstone, and lime from the north where farms are situated.
The same conglomerate surrounds Lily Lake, No. 10, also in a farming area. The water is too warm for trout. Lake 11 is in altered sediment and igneous rocks. Its quality index is 0.87.
Lakes 12, 13, and 14 are close together near St. Rndrews, in a granite area. Their quality indices are low, being respectively 0.28, 0.31, and 0.09.
Finally, lakes 1.5 and 16 are in the best trout area of the region, where up to 50 lbs per acre arc taken annually.
Like practically all ponds in Prince Edward Island, they are artificial, retained by mill dams a century or more old. Trout are plentiful not only because of good drainage but because the water keeps cool all summer and competitors have not crossed from the mainland. The quality indices are 6.2 and 5.5. The area is one of sandstone, shale, and conglomerate.
METEIODS
The writers and colleagues have been conducting periodic summer analyses on these lakes, for up to a decade on some. mitting comparisons of earlier and later work. Ten lakes can be compared with previous work by M. W. Smith (1938 Smith ( , 1952 Smith ( , 1954 ; five with Gorham's (1957a) winter analyses of water; three others with Leverin (1947) ; and one (a Mendota water sample) with data in several papers by Juday and others. Comments which follow on the accuracy of certain methods arc based on a study of these parallel analyses.
Hydrogen-ion concentration was measured with a glass electrode. In our poorly buffered lakes the drift to an end point might take a minute or more. A hurried reading would tend to retain the pII of the buffer or to approximate 5.7, which is the pII of distilled water in equilibrium with atmospheric COz, often used as a preliminary rinse. Results reported are those following shaking, which generally made little difference, or at most increased the pH by 0.2 unit. In winter the change may be greater; e.g., Gorham gives one lake sample in which the pT1 increased by 0.8 on shaking. In general pH seems to have little stability in unbuffered waters.
The conductivity technique has been described (Hayes and Bcckett 1956) . Results from one summer to another and from winter to summer are generally quite close. The procedure is regarded as satisfactory.
Color was determined from optical density measurements, calibrated to a platinumcobalt standard.
A Lumetron calorimeter was used with a 420 filter.
The water was allowed to settle for 24 hr in the laboratory and decanted before measurement.
Color did not vary much from summer to summer, nor from summer to winter in clear lakes, although two bog lakes had winter values only one-third and one-fifth those of summer. Thus in bog lakes such as our Punchbowl, Boar's Rack, or Silver, color is due to swamp drainage and is evidence of low pro- Elsewhere there are productive clear-water lakes in which the cause of color is phytoplankton and here the depth of color may be related to productivity (Juday and Birge 1933) . Alkalinity expressed as ppm CaCOs, was measured by titration with screened methyl orange as in "Standard Methods."
Results from year to year show negligible variation. Gorham, using a quite different method reports zero readings automatically at pH of 5.7 or less. In lakes 12, 13, and 14 Leverin, using a methyl red titration, gives values of 0, 0, and 2.5, where we get 8.4, 9.2, and 11.6. The differences arc considcrablc. From a plot of alkalinity against the sum of Ca and Mg (hardness), using data of various authors, the M.O. results fall closer to the general regression line fhan other kinds, hence appear worthy of retention.
Calcium was formerly dctermincd on a Pcrkin-Elmer flame photometer, for which the dilute waters had to bc evaporated to fi0 vol. In 1957 the verscnate titration of Heron and Mackcreth (1955) was adopted. This was satisfactory for clear waters but did not give a very good end point with colored bog waters. On our soft-water lakes the 1g157 Ca results were about 10 per cent above earlier ones, the cause being unknown, possibly loss in evaporating the earlier samples.
Magnesium was formerly done by the calorimetric titan yellow method on the Lumetron, a temperamental test. In 1957 the vcrsenate titration was adopted. The newer results on local lakes were the same as the older. Differences from Gorham's winter results were small and without a trend.
Sodium and potassium were measured on the flame photometer after reducing the lake water to x0 vol. On three lakes compared, the winter results of Gorham are aboui; 20 per cent above ours, possibly a real difference due to ocean spray in storms.
The sum of Na and I< can be estimated as follows without having to use a flame photometer.
First, the specific conductivity is divided by 2 to approximate anions or, in this USC, cations. Whcrc the pII is less than 5.5, a subtraction for conductivity due to hydrogen ions is made. The value to bc subtracted at each pH is given by SjBrs (1950, p. 217) . Next subtract the conductivity due to Ca and to Mg, as obtained from the relationship :
cond. due to ion = equiv. cond. X mass as ppm equiv. w t .
The equivalent conductivity for Ca is 54 and for Mg is 50.5. What is left is the residual conductivity due to Na + K. The equivalent conductivitics of Na and K, respectively, are 4G and 68. Assume the ions are distributed 8 Na to 1 K. Then 8 .23 Na + K ppm = i5 of 46 X res. cond. 
This simplifies to
Ites. cond. X 0.508 = Na + K in ppm.
The assumed ratio of 8 to 1 for Na to K is reasonable for our own lakes and as good a value as any for other regions, as Table 2 shows. Actually the ratio is of little im- portance to accuracy, since the difference in final result between a 20: 1 and 1.5: 1 ratio (the limits of Table 2 ) is only 3 per cent. What Table 2 does do is to warn against attempts to separate Na and K concentrations by this short method. On seven lakes we have Na + K both directly and via the conductivity method. The two series do not differ significantly and there is a two-to-one chance that the methods will read within 20 per cent on a given lake. The final error, being compounded of subtractions, might become greater in productive regions where there was a great deal of Ca in proportion to the monovalent bases. Thus, attempts to apply the method to two of three Wisconsin lakes, high in Ca, gave negative values for Na + K. A small deviation from the accepted equivalent conductivity of Ca would also be important in Ca-rich lakes.
Phosphorus was determined by the stannous chloride method with Lumetron colorimctcr and 650 filter.
Inorganic phosphate was done directly including lake water in the reagent blank; total phosphate was measured after evaporation and ashing with pcrchloric acid.
Sediment analyses were ordinarily made on drcdgc samples and represent the top few cm. The samples were dried at room temperature for storage and at about 90°C for water content estimates. Ashing was at about 400 to 500°C.
Chemical analyses of sediment have been made but are not presented here because the analytical values obtained for Na, Ca, K, and I? depended on the method used. Wet ashing with perchloric acid gave results up samples have been examined and will be to IO times as high as the dry ashing tcchcited later, When the east coast lakes are nique followed by extraction with hot I-ICI. compared with other scries, e.g., in Wisconsin It may be that dry ashing liberates the (Juday et al. 1941) , they appear, by convenminerals that are or have been brought into tional standards, to bc of low productivity, solution by weathering, while wet ashing except for the two Prince Edward Island breaks up particles of rock not hitherto dis-ponds. Figure 2 shows this, being a plot of solved. If this is so, a limnologist might two qualities generally associated with proprefer dry ashing and a geologist the per-ductivity.
The upper right quadrant is chloric digestion.
Comparisons of wet and occupied by Wisconsin lakes. Our two dry ashing which are available on five lakes P.E.I. ponds arc below center and the reare given in Table 3 . maining cast coast lakes at the bottom.
DISCUSSION
The regressions of M.O. alkalinity on Ca or Mg alone are like Figure 2 , but Mg exhibits Table 1 gives analyses on 16 lakes to bc considerably more scatter. discussed in later papers. Analyses which A peculiarity of the east coast waters is have been made on several additional lakes the failure of conductivity to continue its near Halifax will be presented only as points decline with pH ( Fig. 3) . In this they conon graphs. is generally dctermincd largely by Ca and bicarbonate and declines with them, as does pH. In thcsc eastern lakes, however, the conductivity minimum is at pII 6 below which it rises again. This is tartly due to II ions, as already mentioned, and partly to sodium chloride, carried in on sea breezes. ProbabIg inland' lakes do not have any corresponding delivery of NaCl. It is interesting that the most acid lakes, with their cnha&ed conductivity due in part to NaCl, were observations of Gorham in winter, when storms would be maximal.
The same result as l?igure 3 is seen when a plot is made of methyl Grange alkalinity against conductivity.
However, when a graph is made of log Ca + Mg versus pH, the Canadian lakes flatten below pH 6, but do not turn up. They level off at about the same minimum as Wisconsin lakes, when the sum of Ca and Mg is about 2 ZIZ 0.5 ppm. This may be taken cithcr as the residuum extractable from the rocks under acid conditions, or alternatively as the contribution delivered from the air via dust and rain.
A great many analyses of phosphorus have been made, as this clement, was once thought to be an indicator of productivity. Table 1 however shows high total P for the acid bog lakes 2 and 3, presumably due to humus carried in from the surrounding swamps. At the bottom, our productive ponds 15 and 16 vary considerably in total I'. In these ponds, which drain good agricultural country, M. W. Smith (priv. comm.) found temporary very high P values following rain. Thus the sampling error in productive regions could bc large.
The well-known liberation of inorganic P from bottom mud where oxygen is lacking has been observed in stratified lakes 2, 3, and 8, the maximum being 128 ppb in lake 2. Only the lowest meter or so is affected, and the released I' if dispersed through the whole water mass would scarcely have a pcrceptiblc effect on the concentration.
At equilibrium the inorganic phosphorus represents about one-fifth of the total, and is of the order of 2 or 3 ppb. This is probably the residual soluble fraction and is independent of productivity or pH. Being a very low concentration, indeed, it might come from so-called insoluble compounds such as ferric phosphate. The organic part in solution is also small, IO or 15 ppb, and is maintained in cquilibrium with the main store in plant bodies, bacteria, etc. It does not appear to be a measure of productivity, but is rather a transfer unit, like the size of a spoon used to move food from plate to mouth.
Turning to the sediments, Table 1 shows that lakes 15 and 16 which have the largest dry fraction also have the lowest organic part, as is also regionally true, e.g., compare lakes 13 and 14 with 12. This is not very surprising, being merely an indication that silica, etc. packs better than organic ma-values than has 1, and number 4 a higher tcrial.
The source of high organic content value than have 5 and 6. is evidently swamp drainage; thus the The stimulating effect of alkalinity on highly colored lakes 2 and 3 have higher microbial activity is shown by the reduction --r ~ I I I tz r" 0 6
: of per cent organic sediment at higher pH levels (Fig. 4) . Even though masked by regional differences the slope is apparent.
Wisconsin lakes included for comparison show the same trend, although they have a generally higher organic content. Our productive examples (P.E.I. ponds) are shallow and unstratified, so that bacterial oxidation on bottom sediments will bc maximal.
In other parts of the world, e.g., in the Alps, productive lakes often have a large hypolimnion with consequent oxygen depletion in the depths. Bacteria could not act effectively on dead material falling through the reduced water or at the reduced mud surface. Hence a large per cent of organic matter might bc left in the sediment, cvcn when a lake had high productivity. Indeed, if bacterial decomposition is virtually stopped, a productive lake might have more organic material in its sediment than an unproductive one, as has been reported. Variation during the year in total phosphorus and in the inorganic fraction in Grand Lake. Total I' for Copper Lake is also shown.
The inorganic curve is typical of the three lakes studied, with a winter maximum and a dcclinc in spring and early summer.
Variations in total P do not seem to fellow any consistent cyclical pattern in the three lakes. ran through all three lakes, nor were there conspicuous differences related to summer stratification.
Variations appear to be due to rain and wind rather than to any productivity cycle.
The variations in phosphorus are more enlightening (Fig. 5) . Taking total I' first, there was a late summer maximum in Grand in October 1951, but a similar maximum did not appear to be developing in 1952. In Copper lake there is one high spring point in 1952. Fluctuations in the Punchbowl were random, and are not shown on the graph. It is concluded that no consistent seasonal variation in total P takes place in these lakes.
As regards per cent inorganic P the three lakes agree, and the graph for Grand is typical (solid line Fig. 5 ). There is a dccline in early summer (both summers) followed by a rise to a winter maximum. Our interpretation is as follows, being supported by experiments given in paper IV of this series : Bacteria in the absence of plants will equilibrate phosphorus so that about one-half in solution is inorganic. This is the winter condition shown in Grand Lake, Punchbowl being somewhat higher at 65 per cent, Copper lower at 30 per cent. Plants, which start up in the spring, remove inorganic phosphorus quite rapidly to a minimum, which presumably limits plant growth. The spring decline in inorganic P occurs in the sea (Harvey 1945) as well as in lakes (Pearsall 1930) . The plants cannot take up organic phosphorus effectively.
Later in the summer the plants decline and the inorganic P begins to rise again. Whether, given more observations, Figure 5 could be expected to show a variation in total I? corresponding to that of the inorganic fraction is not known. The plants may themselves be liberating organic P, and there may be a seasonal variation in the bacterial population.
A word may be added about the effect on phosphorus of stratification in the Punchbowl, the only one of the three lakes with a strong oxygen deficit in the depths. Unlike the other two, the upper and lower strata here behaved differently, because of inorganic P produced in the depths, both in summer and winter.
During full circulation there was equalization.
As already noted, the phosphorus from the depths is not sufficient to increase the surface value appreciably when the lake is mixed.
